Summary. Isolated fat cells from normal and streptozotocin-diabetic rats were compared with respect to metabolic indices (glucose-uptake, 3-0-methylglucose efflux) with and without stimulation by insulin and nonsuppressible insulin-like activity (NSI-LA). In addition, binding studies were carried out with these two hormones. Basal 14C-glucose oxidation and incorporation into lipids was decreased in diabetic cells and their response to insulin and NSILA was greatly reduced. Basal efflux of 3-0-methylglucose from diabetic cells was somewhat faster than from normal cells. The response to insulin and NSILA was less than in normal cells and it was delayed. The apparent number of insulin binding sites as well as their affinity for insulin was increased in diabetic cells. In contrast, the apparent number of binding sites for NSILA was decreased in diabetic cells and their affinity for NSILA was increased. In normal ceils insulin enhanced binding of 125I-NSILA more markedly than in diabetic cells. These findings show that the rate-limiting step of impaired glucose metabolism (oxidation and lipogenesis) in diabetic fat cells is beyond the interaction of the hormone with the receptor. They suggest that the apparent number of hormone receptors (insulin, NSILA) on the cell membrane is regulated individually for each binding site.
normal adipose tissue [1, 2, 3] ; in diabetic adipose tissue insulin is also less effective in reducing epinephrine-induced FFA release [4] .
The possibility has been envisaged that the poor metabolic response of diabetic adipose tissue to insulin might be related to changes in the number and/or affinity of the insulin receptor. Vann Bennett and Cuatrecasas [5] found that fat cells from streptozotocin-diabetic rats displayed the same specific binding and affinity of 125I-labelled insulin as fat cells from normal rats. A decrease in the number, but not in the affinity of the insulin receptor has been described in fat cells from obese, hyperglycaemic mice [6, 7] and in adipocytes and monocytes from patients with maturity onset diabetes [8, 9] . Recently, Hepp [10] reported that the number of insulin receptors was increased in liver membranes from spontaneously diabetic chinese hamsters.
In this paper we have tried to re-evaluate some of the binding characteristics of the insulin receptor in adipocytes from both normal and streptozotocindiabetic rats in conjunction with the effects of insulin on glucose transport and glucose metabolism. In addition, these data were compared to those obtained with nonsuppressible insulin-like activity (NSILA). This peptide mimics all the effects of insulin both in vitro and in vivo [11, 12] and has recently been shown to bind to the insulin receptor as well as to a separate NSILA-receptor of rat adipocytes [15] . Recently Rinderknecht and Humbel have shown that NSILA consists of two molecular species of the same MW (-6000) and a slightly different amino acid composition [13] . More recently the same authors have determined the sequence of the first 30 amino acids. NSILA has now been termed insulinlike growth factor: IGF [14] .
We asked the following questions: 1. How does NSILA affect glucose transport and metabolism in fat cells from diabetic rats? 2. Does insulin deficien-cy cause any changes in binding of 125I-labelled NSILA to adipocytes? 3. How does NSILA compare with insulin in these respects?
Materials and Methods
Male Zbz-Cara (formerly Osborne Mendel) rats, weighing between 110 and 130 g were used. They were fed NAFAG chow (No 890, NAFAG, Gossau, Switzerland) consisting of 65% cereals, 20% protein and 5% fat. Diabetes was induced by intravenous administration of 70 mg/kg of streptozotocin. 4-5 days after the injection the animals were sacrificed. During that time they lost between 5 and 10% of their body weight. The fat pad weight fell by between 40 and 50%. Blood sugar values ranged from 300 to 500 mg/100 ml. Most of the animals were ketotic, when the urine was tested with Ketostix (Ames). Whale insulin (24 U/mg, identical amino-acid sequence to porcine insulin) and partially purified NSILA were kindly supplied by Drs. E. Rinderknecht and R.E. Humbel. The biological activity of NSILA was standardized in the rat fat pad assay with insulin as the reference [24] . Molar concentrations of different preparations of NSILA were calculated on the basis of a specific activity of 400 mU/mg and a molecular weight of 6000 for pure NSILA [13] . Human serum albumin (HSA) was supplied by the Swiss Red Cross, Bern. It was dialysed extensively against 3 changes of distilled water before use and filtered by sterile filtration. Streptomycin (5 rag/100 ml) and penicillin (10 IU/100 ml) were added.
3-0-methylglucose was from Sigma, U-14C-3-0 -methylglucose, 1J4C-glucose, U-14C-glucose, 3H-inulin were purchased from Amersham, Radiochemical Centre.
The iodination procedure for insulin and NSILA (200 mU/mg, 50-60% pure) as well as the properties of the labelled NSILA preparation have been described previously [16] . Both labelled peptides contained less than one atom of iodine per molecule.
Insulin and NSILA: Receptors and Action in Diabetic Adipocytes weight for diabetic rats; 10 experiments each) were incubated for 45 min at 37 ~ C in 1 ml of KrebsRinger-bicarbonate buffer containing 1 g/100ml HSA, 20 mg/100 ml of glucose, 1-14C-or U-14C -glucose (0.1 ~Ci) and different concentrations of insulin or NSILA (3.8 mU/mg). 14CO2 production from 1-14C-glucose and lipogenesis from U-14C-glucose were determined as described by Gliemann [18, 19, 20] .
Glucose Transport Studies
The total amount of fat cells prepared from the fat pads of 10 to 15 rats was divided into 3 aliquots. Two aliquots were preincubated without hormone addition, to the third aliquot insulin or NSILA (100 ~tU/ml) was added. Preincubation was carried out under gentle stirring for 40-60 min at 37 ~ C in 4 ml of Krebs-Ringer bicarbonate buffer/lg/100ml HSA, containing 30 mmol/1 3-0-methylglucose and 15-20 ~tCi of UJ4C-3-0-methylglucose. After preincubation two 300 ~tl aliquots of each of the cell suspensions were gently centrifuged (Beckman microfuge B) through a layer of 50 ~tl of dinonylphthalate in 400 ~tl plastic microtubes (Milan Instruments, Geneva). The cell layers were rapidly resuspended in 3 ml of the same buffer containing 30 mmol/1 cold 3-0-methylglucose and 10 ~tCi of 3H-inulin. Incubation was continued under constant stirring in the presence or absence of 100 ~tU/ml of insulin or NSILA. After different time intervals 300 ~tl aliquots were pipetted into 400 ~tl microtubes and centrifuged at high speed (-10000 g, 20 s, Beckman Microfuge B) through 50 91 of dinonylphthalate (modified according to reference 21). The tops of the microtubes containing the cell layer were cut off and counted for radioactivity in 5 ml of Instagel (Packard) in a beta-counter (Tricarb, Packard). The extracellular water was calculated from the ratio between the 3H-inulin radioactivity contained in the cell layer after centrifugation and the 3H-inulin radioactivity contained in 300 ~tl of the cell suspension; it varied between 0.2 and 0.3 ~tl per 2 • 10 s cells.
Experimental Procedures
Fat cells were prepared from epididymal rat fat pads by the method of Rodbell [17] using crude collagenase (Worthington Biochemical Corp.).
Metabolic Studies
2-3.5 • 105 fat cells (18000 _ 1500 cells/mg dry weight for normal rats; 48000 _+ 6000 cells/mg dry
Binding Studies
Fat cells (2-3.5 • 105) were incubated in a total volume of 0.5 ml of Krebs-Ringer bicarbonate buffer/1 g/100 ml HSA containing 20 mg/100 ml of glucose, 125I-labelled insulin (-20 ~tU, -2 • 105 cpm) or 125I-labelled NSILA (--0.9 ~tU, -2 • 10 s cpm) and different amounts of unlabelled insulin or NSILA.
After incubation for 45 min at 37 ~ C 300 ~tl ali-
~CO~ / 2xlOg fatcella cpm x 70-s 20
I rats quots of the cell suspension were pipetted into 400 Ftl microtubes and centrifuged for 20 s at 10000 g through 50 ~1 of dinonylphthalate, which separates radioactivity bound to the cells from unbound label. The tops of the tubes were cut off and counted in a gamma-counter (Nuclear Chicago).
Results

Metabolic Studies
As shown in Figure 1 a insulin and NSILA much less effectively stimulated glucose oxidation in diabetic than in normal fat cells. Maximal stimulation by both hormones was only twofold in diabetic, but 8 to 10-fold in normal ceils. Basal 14CO2-production was also lower in diabetic adipocytes. As shown earlier [15] NSILA is approximately 60 times less active than insulin on normal cells. The same also holds true for diabetic cells. In both conditions halfmaximal stimulation of 14CO2-production was observed at -5 • 10-1~M insulin and -3 • 10-9M NSILA. Essentially the same results were obtained when lipogenesis from U-a4C-glucose was measured in normal and diabetic fat cells under the influence of insulin and NSILA (Fig. 1 b) . In diabetic adipocytes basal lipogenesis in the absence of hormone was only one half of that in normal adipocytes. The potency ratio between the two hormones was the same as that found for glucose oxidation.
Transport Studies
In Figures 2 and 3 the effects of insulin and NSILA on the efflux of U-a4C-3-0-methylglucose from normal ( Fig. 2 ) and diabetic adipoeytes (Fig. 3 ) are compared. Efflux in the absence of hormone seemed to follow first-order kinetics, since a semi-logarithmic plot of the radioactivity contained in the separated cell layer after different time intervals gave a straight line (not shown). From this the radioactivity at zero-time could be extrapolated.
Preincubation of the cells with 100 ~tU/ml of insulin (Fig. 2 a) or NSILA (Fig. 2 b) resulted in an immediate rapid efflux of the labelled sugar. The time course was nearly identical for both hormones: after 30 s half of the label initially present in the intracellular space had left the cells, and after 3 min only 10% of the label was intracellular. If preincubation of the cells was carried out in the absence of hormone, and insulin (Fig. 2 a) or NSILA (Fig. 2 b) were added at zero-time of the efflux-experiment, a lag period of 1.5-2 rain was observed. During that time efflux followed the time-course of the control, before it took off at an enhanced rate. When basal and hormone-stimulated efflux rates from normal and diabetic fat cells were compared, clear-cut differences could be recognized: 1. efflux of labelled 3-0-methylglucose in the absence of hormone (control) appeared to proceed faster in diabetic than in normal cells (half-life 1.5-2 min compared to --3 min). 2. When insulin (Fig. 3 a) or NSILA (Fig. 3 b) were added at the beginning of the efflux experiment, without preincubation of the cells in the presence of either of the hormones, the time course of the efflux no longer appeared to be biphasic, but followed more or less that of the control, at least over the first 3 min of the experiment. After that a slight enhancement of the efflux rate by the hormone seemed to occur. In contrast, the time course of efflux was very similar to that observed in normal fat cells when the cells were preincubated with one of the two hormones (Figs. 2 a and 3 b) .
From these data it can be concluded that insulin and NSILA stimulated 3-0-methylglucose transport in both normal and diabetic fat cells, but that this stimulatory effect was delayed in diabetic fat cells. Although diabetic fat cells were smaller than normal fat cells the delayed action of insulin and NSILA cannot be attributed to different intracellular water spaces. Using 3H-inulin as extracellular marker and U-14C-3-0-methylglucose for measuring the total accessible water space these were found not to differ significantly. The intracellular water space in normal fat cells was 0.21 + 0.02 ~tl per 2 • 105 cells and in diabetic fat cells 0.18 + 0.02 ~tl per 2 • 105 cells.
Binding Studies
Binding of 12SI-labelled insulin to normal and diabetic fat cells and displacement by unlabelled insulin or NSILA are shown in Figure 4 . Specific binding of labelled insulin was 1.7 • higher in the diabetic than in the normal fat cells (2.12% per 2 • 10 s diabetic cells compared to 1.25% per 2 • 105 normal cells). As demonstrated earlier for normal adipocytes [15] , unlabelled NSILA was much less potent than unlabelled insulin in displacing labelled insulin from diabetic fat cells. The apparent K ovalues determined for normal fat cells in these experiments were 3.5 • 10-9M for insulin and 3.3 • 10-VM for NSILA. These values are higher than those reported earlier, due apparently to the fact that the incubation temperature was 37 ~ C compared to 24 ~ C in our earlier studies. The potency ratio between NSILA and insulin at 37 ~ C was also higher (1 : 94) 10-9M in normal fat cells. Again, as in the insulin binding experiments, the current apparent KD-value is higher than the one reported earlier, which was determined at 24 ~ C [15] . 3. As shown earlier [15] increasing concentrations of unlabelled insulin caused increased binding of labelled NSILA. In normal fat cells this insulin-induced increase in NSILAbinding was greater (+ 178% in the presence of 1 mU/ml of insulin) than in diabetic cells (+ 46%, Table 1 ).
Discussion
The responsiveness of diabetic adipose tissue and of fat cells to insulin is reduced [1, 2, 3, 5] . Attention was again focussed on this phenomenon whenit be- came possible to study the interaction between the hormone and its binding site on the membrane [22] . Binding studies with 125I-monoiodinated insulin, which retains most, if not all, of the biological activity of unlabelled insulin [7] , offered the chance to examine whether an impairment of the first step of insulin action, i.e. binding to its receptor may be responsible for "insulin resistance" of diabetic adipose tissue. This might involve a decrease in the number of insulin receptors per cell and/or reduction in their affinity for insulin. The data reported in the literature [5] and those presented in this paper indicate that this is not the case. However, whereas Vann Bennett et al. [5] did not find any change in the number or in the affinity of the insulin receptors in fat cells from streptozotocin-diabetic rats we observed a 1.7-fold increase in specific receptor binding of insulin and a two-fold increase in the apparent affinity of the insulin receptor (Fig. 4) . Both phenomena might constitute part of a regulatory mechanism by which the diabetic fat cell tries to compensate for and adapt to the l~ck of insulin. They also fit into the concept of "up-and down-regulation" of insulin receptors [9] . Downregulation has been reported for fat cells [6] and monocytes [8] in hyperinsulinaemic states, up-regulation for liver membranes in congenital diabetes [10] .
The observation that basal glucose transport in diabetic fat cells was enhanced is surprising and remains unexplained (Figs. 2, 3 ) but it could also fit with this concept. Nevertheless, this upward regulation of insulin receptors by no means compensated for the lack of insulin: the basal rates of 1-14C-glucose oxidation (Fig. 1 a) and of 14C-U-glucose incorporation into total lipids were significantly lower in diabetic than normal fat cells. In the presence of insulin diabetic fat cells were much less responsive to the acute action of the hormone than normal cells, both metabolically (Figs. 1 a and 1 b) and in terms of glucose transport (Figs. 2 a and 3 a) . Thus, the increase in the number and affinity of the insulin receptor (Fig. 4) cannot make up for the metabolic defect caused by prolonged lack of insulin. The decreased responsiveness of the diabetic fat cell to insulin is unlikely to be due to an impairment of one of the first steps of insulin action, but rather to a defect in the metabolic pathway of glucose caused by insulin deficiency. Stansbie et al. [23] have reported that pyruvate dehydrogenase (PDH) activity is markedly decreased in diabetic adipose tissue. Decreased levels of PDH appear to be rate-limiting in diabetic adipose tissue for glucose incorporation into lipids (Fig. I b) and for glucose oxidation (Fig.  I a) via the pentose phosphate shunt. In diabetic adipocytes an apparent dissociation between insulin binding and insulin stimulated glucose transport was observed (Figs. 4 and 3 a) : whereas insulin binding and the apparent affinity of the insulin receptor were increased when compared to normal cells, the stimulation of efflux of 3-0-methylglucose by insulin took off more slowly than in normal cells after addition of the hormone.
In the metabolic as well as in the efflux-studies NSILA and insulin behaved similarly: like insulin, NSILA exerted only weak acute metabolic effects on diabetic fat cells. Stimulation of 14C-oxidation from 1-14C-glucose was less than twofold with both hormones compared to an 8-fold stimulation of normal cells (Fig. I a) . 14C-U-glucose incorporation into total lipids was less than 1.3-fold compared to an almost 6-fold stimulation in normal adipocytes (Fig. 1 b) .
However, as described earlier [15] , between 50-100 times more NSILA than insulin (on a molar basis) is required to elicit quantitatively similar effects. In accordance with this, NSILA was approximately 90 times less potent than insulin in displacing labelled insulin (Fig. 4) . The efflux kinetics in the presence of insulin and NSILA were identical. This held true for adipocytes from normal rats (Figs. 2 a,  b) , as well as for adipocytes from diabetic rats (Figs. 3 a, b) . These results together strongly indicate that NSILA acts via the insulin binding site, but that the affinity of the insulin binding site for NSI-LA is much lower than for insulin itself. Additional evidence for the existence of a separate NSILA binding site is presented in Figure 5 and Table 1: 1. whereas diabetic fat cells bound more insulin than normal fat cells, binding of labelled NSILA by diabetic cells was reduced (Fig. 5) . However, the apparent affinity of the NSILA binding site was 2.5 times higher in diabetic adipocytes than in normal cells. It is unlikely that differences in the degradation rate of the hormones in normal and diabetic adipocytes were responsible for the differences in the binding of these hormones, since the increase in insulin binding and the decrease in NSILA binding to diabetic adipocytes were also observed at lower temperature (24 ~ C, not shown). 2. Insulin did not displace labelled NSILA, but rather increased its binding. This could be observed at very low insulin concentrations (10 gU/ml). Whether this effect is to be interpreted in terms of positive cooperativity or whether insulin blocks the degradation of labelled NSILA is presently not known. The increase in NSI-LA binding in the presence of insulin was considerably lower in diabetic (+ 46%) than in normal (+ 178%) fat cells ( Table 1) .
All the known metabolic effects exerted by NSI-LA on adipose tissue are qualitatively identical with those of insulin [11, 12] . The results presented here favour the concept that both hormones act via the insulin receptor. The metabolic significance of the NSILA binding site in fat cells remains to be elucidated.
